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ZebraﬁshSmad2 and Smad3, two essential nuclear effectors of transforming growth factor (Tgf)-β signals, have been
found to be implicated in mesoderm and endoderm development in vertebrate embryos. However, their
roles in the induction and patterning of the neuroectoderm are not well established. In this study, we show
that interference with Smad2/3 activities in zebraﬁsh embryos, by injecting dnsmad3b mRNA encoding a
dominant negative Smad3b mutant, inhibits the expression of the early neural markers sox2 and sox3 at the
onset of gastrulation and results in reduction of the anterior neuroectodermal marker otx2 as well as the
posterior neuroectodermal marker hoxb1b during late gastrulation, suggesting a role of Smad2/3 activities in
neural induction. Conversely, excess Smad2/3 activities, caused by injecting smad3b mRNA, lead to an
enhancement of sox2 and sox3 expression in the ventral domains but an inhibition of their expression in the
dorsalmost region at early stages. Overexpression of smad3b also causes ventral expansion of the otx2 and
hoxb1b expression domains accompanied with rostral shift of the hoxb1b domain at late gastrulation stages.
Collectively, these data indicate that Smad2/3 activities are required for neural induction and
neuroectodermal posteriorization in zebraﬁsh. Knockdown of chordin partially inhibits effect of smad3b
overexpression on neural induction, implying that Smad2/3 exert their effect on neural induction in part by
regulating the expression of Bmp antagonists. Furthermore, down-regulation or up-regulation of Smad2/3
activities in MZoep mutant embryos, which lack the organizer and mesendodermal tissues due to deﬁciency
of Nodal signaling, still affects induction and patterning of the neuroectoderm, suggesting that Smad2/3
activities are implicated in neural development in the absence of the organizer and mesendodermal tissues.
We additionally demonstrate that Smad2/3 activities cooperate with Wnt and Fgf signals in neural
development. Thus, Smad2/3 activities play important roles not only in mesendodermal development but
also in neural development during early vertebrate embryogenesis.© 2009 Elsevier Inc. All rights reserved.IntroductionDuring early development of vertebrate embryos, the ectoderm
differentiates into the epidermal ectoderm and the neuroectoderm.
Studies in Xenopus in the late 1990s established a default model for
neural induction, which proposes that the ectodermal cells acquire a
neural fate in the absence of instructive signals, but otherwise adopt an
epidermal fate upon induction of Bmp signals (Hemmati-Brivanlou and
Melton, 1997). In amphibians and ﬁsh, Bmp signals, which are
predominantly produced on the ventral side, instruct ventral ectoder-
mal cells to the epidermal fate; the default neural fate of the ectodermal
cells on the dorsal side is secured by action of Bmp antagonists, e.g.,
Chordin, Noggin and Follistatin, which are synthesized in the dorsalt Protein Science Laboratory of
s and Biotechnology, Tsinghua
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ia),
l rights reserved.organizer or its vicinity (De Robertis and Kuroda, 2004; Stern, 2006).
Levine and Brivanlou (2007) recently suggest that the induction of
neural tissues in mice also ﬁts the amphibian neural default model.
The neuroectoderm itself will be regionalized along the ante-
roposterior axis of the embryonic body, resulting in the anterior
neuroectoderm that forms the forebrain, and the posterior neuroec-
toderm that gives rise to the midbrain, hindbrain and spinal cord
(Stern, 2006). It remains controversial when and how the ante-
roposterior patterning of the neuroectoderm occurs. A predominant
view believes that the initial neural induction speciﬁes the anterior
neural identity while posteriorizing signals later on transform the
posterior region to the posterior neuroectodermal fate. Several signals,
e.g., Fgf and Wnt/β-catenin signals, are believed to be implicated in
neural induction at earlier stages and in neuroectodermal poster-
iorization at later stages (De Robertis and Kuroda, 2004; Levine and
Brivanlou, 2007; Stern, 2006; Wilson and Houart, 2004).
Nodal proteins, members of Tgf-β superfamily, clearly play critical
roles in mesoderm and endoderm induction of vertebrate embryos
(Tian and Meng, 2006), but their implication in neural induction
274 S. Jia et al. / Developmental Biology 333 (2009) 273–284largely remains vague. In mice, Nodal appears to inhibit a neural fate
in the epiblast at pregastrula stages (Brennan et al., 2001; Camus et al.,
2006; Conlon et al., 1994). Similarly, Nodal/Activin signals have been
shown to be required for suppressing the neuroectodermal fate in
human embryonic stem cells (Smith et al., 2008; Vallier et al., 2004).
Zebraﬁsh embryos deﬁcient in Nodal signaling develop both anterior
and posterior neural tissues, but their forebrains are larger (Feldman
et al., 1998; Gritsman et al., 1999), suggesting that Nodal signals are
dispensable for neural induction but required for proper anteropos-
terior patterning of the neuroectoderm. However, lines of evidence
indicate that Nodal signals may act cooperatively with other signals,
e.g., Fgf and Boz/Wnt signals, to induce a neural fate from the
ectoderm in zebraﬁsh (Londin et al., 2005; Shimizu et al., 2000;
Sirotkin et al., 2000). Although overexpression of Xenopus Xnr3 is able
to induce a neural tissue from ectoderm explants by antagonizing Bmp
signals (Hansen et al., 1997), the requirement of endogenous Nodal
proteins for neural induction in Xenopus is unknown. Considering that
other Tgf-β ligands, e.g., Tgf-β1, Tgf-β2 and Tgf-β3, are expressed
during oogenesis (Ingman and Robertson, 2002; Schmid et al., 1994),
one would expect that some maternally derived Tgf-β ligands may be
involved in neural induction during initial differentiation of the
ectoderm.
Smad2 and Smad3 are essential intracellular effectors of Tgf-β/
Nodal signals (Shi and Massague, 2003). Like Nodal ligands, Smad2/3
play an important role in mesendoderm induction during vertebrate
embryogenesis (Dunn et al., 2004; Jia et al., 2008; Nomura and Li,
1998; Weinstein et al., 1998). Several previous reports suggest that
Smad2/3 play a role in neural development. In mice, some Smad2+/−;
Smad3−/− mutant embryos display anterior truncations with a
miniaturized head-like structure (Dunn et al., 2004). In Xenopus,
overexpression of dominant negative Smad2 mutants within the
dorsal marginal zone causes axis truncation with a loss of obvious
head structure (Hoodless et al., 1999). In zebraﬁsh, injection of mRNAs
encoding dominant negative Smad2/3 mutants also results in a
smaller head in addition to loss of mesendodermal tissues (Jia et al.,
2008). However, the roles of Smad2/3 in neural induction and
neuroectodermal patterning remain ambiguous. In this study, we have
investigated effects of Smad2/3 activities in neural induction and
anteroposterior patterning of the neuroectoderm in zebraﬁsh
embryos by overexpressing smad3b and a dominant negative
smad3b mutant. We disclose that Smad2/3 activities are required for
neural induction at early stages and for neuroectodermal poster-
iorization at later stages. We further demonstrate that Smad2/3




Wildtype embryos used in this study were derived from Tuebingen
strain. MZoep embryos were generated by crossing oep−/− female
with oep−/−male as described before (Jia et al., 2008). Embryos were
incubated in Holtfreter's solution at 28.5 °C and staged according to
Kimmel et al. (1995).
Plasmids, mRNA synthesis, morpholinos and microinjection
The plasmid constructs for making zebraﬁsh dnsmad3b (Jia et al.,
2008), smad3b (Jia et al., 2008) and dnfgfr1 (Furthauer et al., 2004)
mRNAs have been previously described. The linearized plasmid was
used as a template to synthesize mRNA using Cap Scribe Kits (Roche).
The mRNAwas puriﬁed using RNeasy Mini Kit (Qiagen) and dissolved
in RNase-free water. Morpholino sequences targeting chordin and β-
catenin2were identical to those previously reported by Nasevicius and
Ekker (2000) and Bellipanni et al. (2006). Morpholinos weresynthesized by Gene Tools, LLC, and dissolved in water. The mRNAs
or morpholinos were injected into the yolk of the embryos between
one-cell to two-cell stages at a dose described in the text or in the
ﬁgure legends. When co-injection of an mRNA and a morpholino was
performed, the embryos was ﬁrst injected with the mRNA and then
with the morpholino. Otherwise, different mRNAs or different
morpholinos were mixed for co-injection.
Quantitative RT-PCR
For each sample, 80 embryos at the shield stage were dechor-
ionated and lysed. Total RNA of these samples was isolated by RNeasy
Mini Kit (Qiagen) and treated by DNase I (Qiagen). The RNA
concentrations were determined by OD260 with UV/visible spectro-
photometer (Amersham Biosciences, Ultrospec 3300 pro). 2 μg of each
total RNA sample was used to synthesize cDNAwith the primer oligo-
dT in 25 μl, following themanufacturer's instructions (Promega). After
dilution in 100 μl, 1.5 μl of the cDNA was used for PCR reaction in a
volume of 20 μl using the RealMasterMix (SYBR Green) Kit (TIANGEN)
in a real-time PCR detector Opticon2 (BIO-RAD). Student's T-tests
(two-tailed, unequal variance) were used to determine p-values.
Statistical signiﬁcancewas accepted at p≤0.05. β-actinwas an internal
control and each samplewas run in triplicate. Primers for β-actinwere
5′-ATGGATGATGAAATTGCCGCAC-3′ (forward) and 5′-ACCATCACCAG-
AGTCCATCACG-3′ (reverse); for sox2 were 5′-TCCAGCTTTTTTTAATT-
TCCAC-3′ (forward) and 5′-AATATATACATGGAGCGTTGGC-3′
(reverse); for sox3 were 5′-AATTAAAGACTGTGCTGGTCGC-3′ (for-
ward) and 5′-AAACTCTCCGTCCCAGATAATG-3′ (reverse); and for
gata2 were 5′-CTCCTCAGCGGATCCGCTTCCAGC-3′ (forward) and 5′-
GGTCGTGGTTGTCTGGCAGTTCGC-3′ (reverse).
Whole-mount in situ hybridization
Digoxigenin-UTP-labeled antisense RNA probes were generated by
in vitro transcription using corresponding plasmid constructs as
templates. Whole-mount in situ hybridization followed the standard
procedure. The labeled embryos weremade transparent by immersing
in glycerol and photographed using a digit camera (Spot Insight)
under a Leica MZ16 microscope.
Results
Smad2/3 activities are required for neural induction
We set out ﬁrst to investigate the effect of Smad2/3 activities on
neural induction by examining the expression of the neural and
non-neural markers during early gastrulation following manipula-
tions of Smad2/3 activities. We have previously shown that
zebraﬁsh Smad3a, Smad3b and ca-Smad2 (a constitutively active
Smad2 mutant), have similar functional activities, and that any of
dnSmad2/dnSmad3a/dnSmad3b constructs can inhibit effects of
Smad2, Smad3a or Smad3b overexpression (Jia et al., 2008). In this
study, we chose to perform smad3b or dnsmad3 mRNA injection at
the one-cell stage to increase or decrease endogenous Smad2/3
activities in zebraﬁsh embryos, respectively. We used sox2 and sox3
as the neural markers. In zebraﬁsh embryos, both sox2 and sox3 are
initially expressed throughout the ectoderm during late blastulation;
however, at the midgastrulation stages sox2 expression is mainly
restricted to the presumptive forebrain, while sox3 is expressed in
the presumptive forebrain, hindbrain and spinal cord (Dee et al.,
2007; Okuda et al., 2006). gata2 was used as a non-neural
ectodermal (epidermal) marker, which is expressed in the ventral
ectoderm during late blastulation and gastrulation (Londin et al.,
2005; Rentzsch et al., 2004).
As shown in Fig. 1A, sox2 is expressed in a dorsoventral gradient,
with higher levels on the dorsal side, in the ectoderm at the 55%–60%
Fig. 1. Effects of dnsmad3b overexpression on the expression of early neural and non-neural markers. (A–L) Embryos were injected at the one-cell stage at indicated doses and
examined by in situ hybridization for marker gene expression at around 60% epiboly stage. Embryos were positioned laterally with dorsal to the right and animal pole to the top. Note
that dnsmad3b injection resulted in reduction of the neural markers sox2 and sox3, but increase of the ventral marker gata2. (M–O) Bar graphs showing percentage of embryos with
different expression levels of the markers. Normal, decreased or increased expression was indicated by blue, yellow or red colors. The number of observed embryos was indicated in
the parentheses. (P–R) Quantitative RT-PCR results of sox2 (P), sox3 (Q) and gata2 (R). The fold change in transcript levels (Y-axis) was graphed relative to control embryos and the
data represent the mean±s.d. from triplicates. The symbols ⁎ or represent statistical signiﬁcance at p≤0.05 or insigniﬁcance at pN0.05 compared to the uninjected control or
linked samples, respectively.
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overall reduction of sox2 expression levels with the ventralmost
region devoid of sox2 message (Fig. 1B). As the injection dose of
dnsmad3bmRNA increased, sox2 expression was further decreased or
was completely eliminated (Figs. 1C and D). Although sox3 expression
in the ectoderm does not form a dorsoventral gradient, dnsmad3b-
induced reduction of its expression was also apparent (Figs. 1E–H).
The inhibitory effect of dnsmad3b overexpression on sox2 and sox3
expression was veriﬁed by quantitative RT-PCR analysis (Figs. 1P and
Q). In contrast, we would expect an expansion of the non-neural
marker gata2 upon inhibition of Smad2/3 activities. Overexpression
of dnsmad3b indeed caused expansion of gata2 expression in the
ventral non-neural ectoderm in some embryos, but it also resulted in a
decrease of the gata2 expression domain in other embryos (Figs. 1I–L
and O). Quantitative RT-PCR analysis indicated that injections with
400 pg or 600 pg of dnsmad3b led to an increase of gata2mRNA levels
(Fig. 1R). Taken together, our observations strongly suggest that
Smad2/3 activities are required for neural induction.To exclude the possibility that dnsmad3b overexpression inhibited
neural induction by blocking Bmp signaling, we performed co-
injection of bmp2b mRNA and dnsmad3b mRNA. Injection with
bmp2b mRNA alone remarkably reduced sox2 expression as detected
by in situ hybridization (Fig. 2C), which was consistent with the fact
that Bmp signals play an inhibitory role in neural induction
(Hemmati-Brivanlou and Melton, 1997; De Robertis and Kuroda,
2004; Stern, 2006). Co-injection of bmp2b and dnsmad3bmRNAs also
resulted in a marked reduction of sox2 expression (Fig. 2D).
Quantitative RT-PCR results showed that the difference in sox2
expression was not statistically signiﬁcant (pN0.05) between bmp2b
single injection and bmp2b/dnsmad3b co-injection. These results
suggest that inhibition of neural induction by dnsmad3b is not
associated with interference in Bmp signaling.
The effects of up-regulated Smad2/3 activities on neural
induction were shown in Fig. 3. When embryos were injected with
30 pg smad3b mRNA, overall expression levels of sox2 were
enhanced and the dorsoventral gradient still existed at early
Fig. 2. dnsmad3b interferes with neural induction independent of Bmp signaling. (A–D) sox2 expressionwas examined by whole-mount in situ hybridization at the 60% epiboly stage
following uninjection (A) or injection with 600 pg dnsmad3b (dns3b) mRNA (B), 10 pg bmp2bmRNA (C), or their mix (D). Lateral views with dorsal to the right and animal pole to
the top. Note that injections with dns3b, bmp2b or their mix caused reduction of the sox2 expression domain. (E) Bar graphs showing the percentage of embryos with reduced sox2
expression. The number of observed embryos was indicated in the parentheses. (F) Quantitative RT-PCR results showed that injections with dns3b, bmp2b or their mix all led to
decreased amount of sox2 transcript, and that the reduction degree between bmp2b and bmp2b/dnsmad3b injections was not statistically different (pN0.05).
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dorsalmost ectodermal region (Fig. 3B). When the dose of smad3b
mRNA increased, the dorsalmost region devoid of sox2 expression
expanded ventrally (Figs. 3C and D). Overexpression of smad3b also
caused a similar change in sox3 expression pattern (Figs. 3E–H).
Quantitative RT-PCR results indicated that the overall amount of
sox2 or sox3 transcripts was reduced by smad3b overexpression
(Figs. 3P and Q). These results suggest that Smad2/3 levels below a
threshold stimulate sox2 and sox3 expression but levels above this
threshold inhibit their expression. In contrast, both in situ
hybridization and quantitative RT-PCR analyses showed that gata2
expression was reduced by smad3b overexpression (Figs. 3I–L, O,
and R), supporting the idea that Smad2/3 activities suppress an
epidermal fate of the ectoderm. Taking these data together, we
hypothesize that the speciﬁcation of the neuroectodermal fate only
requires a certain level of Smad2/3 activities but is inhibited by
higher levels of Smad2/3 activities.
Smad2/3 activities are involved in anteroposterior patterning of the
neuroectoderm
The anteroposterior patterning of the neuroectoderm becomes
apparent after midgastrulation. To investigate the role of Smad2/3
activities in this process, we simultaneously examined the expression
of the anterior neuroectodermal marker otx2 and the posterior
neuroectodermal marker hoxb1b during late gastrulation in embryos
injected with dnsmad3b or smad3bmRNA. When injected with 200 pg
of dnsmad3b mRNA, the hoxb1b expression domain receded in the
ventral side in 50% (n=39) of embryos while the otx2 expression
domain remained unaffected (Figs. 4B and B′). When the injection
dose of dnsmad3b mRNA increased, some embryos exhibited a
reduction of both otx2 and hoxb1b domains and the caudal shift of
the boundary between those two domains (Figs. 4C, C′, D and D′).
These observations support the idea that Smad2/3 activities are
required for neural induction, and also suggest that the posteriorneuroectoderm requires higher levels of Smad2/3 activities than the
anterior neuroectoderm.
Conversely, injection of 30 pg smad3b mRNA caused ventral
expansion of both otx2 and hoxb1b domains with rostral shift of the
boundary between the anterior (otx2-positive) and posterior
(hoxb1b-positive) neuroectoderm at late gastrulation stages (Figs. 4F
and F′). As the dose of smad3b mRNA increased, the boundary
between the anterior and posterior neuroectoderm moved further
rostrally, concomitantly with the reduction, even disappearance of the
anterior neuroectoderm (Figs. 4G, G′, H and H′). Thus, Smad2/3
activities play important roles in neural induction as well as in
neuroectodermal posteriorization.
Smad2/3 activities exert effects on neural induction by regulating
expression of Bmp antagonists
The organizer-derived Bmp antagonists are essential for neural
induction in vertebrates (Stern, 2006). In zebraﬁsh, Chordino (Chd)
is a major Bmp antagonist that is speciﬁcally expressed at the onset
of gastrulation in the shield, an equivalent to the Spemann
Organizer in Xenopus (Dal-Pra et al., 2006; Miller-Bertoglio et al.,
1997; Schulte-Merker et al., 1997). We asked whether the effects of
Smad2/3 activities on neural induction and patterning were
mediated by chd. As shown in Figs. 5A–D, abrogation of Smad2/3
activities by injecting dnsmad3b mRNA inhibited the expression of
chd. Conversely, injection of smad3b mRNA led to an increase of
chd expression at the shield stage in a dose-dependent fashion
(Figs. 5E–H). It is clear that Smad2/3 activities function to up-
regulate the expression of chd in zebraﬁsh embryos.
We then tested, by co-injecting smad3b mRNA and chd
morpholino (chd-MO) (Nasevicius and Ekker, 2000), to see if chd
is required for effects of Smad2/3 activities on neural induction and
neuroectodermal posteriorization. Injection of chd-MO inhibited
sox2 expression in the proneural territory but enhanced gata2
expression in the non-neural territory around the onset of
Fig. 3. Effects of smad3b overexpression on the expression of early neural and non-neural markers. (A–L) Embryos were injected at the one-cell stage at indicated doses and
examined by in situ hybridization for marker gene expression at around 60% epiboly stage. Embryos were positioned laterally with dorsal to the right and animal pole to the top. Note
that smad3b overexpression enhanced ventral expression but inhibited dorsal expression of sox2 and sox3. In contrast, smad3b overexpression inhibited expression of gata2. (M–O)
Bar graphs showing percentage of embryos with different expression levels of the markers. The number of observed embryos was indicated in the parentheses. For sox2 and sox3, the
percentage (red) of embryos with ventral enhancement was calculated. For gata2, the percentage (yellow) of embryos with decreased expression was calculated regardless of
decreasing extents. (P–R) Quantitative RT-PCR results of sox2 (P), sox3 (Q) and gata2 (R). See Fig. 1 legend for interpretation.
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that increased sox2 expression in the neural ectoderm except for
the dorsalmost region (Fig. 5K), co-injection of smad3b mRNA and
chd-MO caused a reduction of sox2 expression (Fig. 5L). Although
the co-injection reduced gata2 expression (Fig. 5P), the extent of
reduction was milder than that caused by smad3b mRNA injection
alone (Fig. 5O). These results imply that smad3b exert their effects
on neural fate speciﬁcation of ectodermal cells in part by regulating
the expression of chd.
During the anteroposterior patterning of the neuroectoderm at
late gastrulation stages, injection with chd-MO alone resulted in a
narrowing of the otx2 and hoxb1b expression domains towards the
dorsal side, with the otx2 domain decreasing more severely, while
the boundary between the otx2 and hoxb1b domains was not
moved obviously (Figs. 5R and R′). The result is consistent with a
general role of Chd in induction of the neuroectoderm. Co-injection
of smad3b mRNA and chd-MO failed to induce ventral expansion of
the otx2 and hoxb1b expression domains at comparable levels tothose caused by smad3bmRNA single injection (Figs. 5S, S′, T and T′),
which reinforces the idea that Smad2/3 effects on neural develop-
ment are partially mediated by Chd. However, compared to smad3b
mRNA single injection, co-injection incited further rostral shift of
the boundary between the otx2 and hoxb1b expression domains
(Figs. 5T and T′). This suggests that, unlike Smad2/3, Chd acts to
suppress the neuroectodermal posteriorization during the antero-
posterior patterning of the neuroectoderm after neural induction.
Thus, we hypothesize that Smad2/3 activities exert effects on neural
induction during early gastrulation, at least in part, depending on
Chd, but their effects thereafter on neuroectodermal posteriorization
are independent of Chd.
Smad2/3 mediate effects of Nodal signals on neuroectodermal
posteriorization
We have previously shown that mesoderm induction activity of
Nodal signals relies on Smad2/3 activities in zebraﬁsh (Jia et al.,
Fig. 4. Effects of dnsmad3b or smad3b overexpression on anteroposterior neuroectodermal patterning. Embryos were injected at the one-cell stage with dnsmad3b (dns3b) mRNA
(A–D and A′–D′) or smad3b (s3b) mRNA (F–I and F′–I′) at indicated doses, and at around 90% epiboly stage simultaneously examined for the expression of the anterior neural
marker otx2 and the posterior neural marker hoxb1b. Embryos were shown in dorsal view (A–H) with animal pole to the top or in lateral view (A′–H′) with animal pole to the top
and dorsal to the right. Note that dnsmad3b injection caused both otx2 and hoxb1b domains to shrink from the ventral neuroectoderm but had little effect on the anteroposterior
positioning of their boundary. By contrast, smad3b overexpression led to ventral expansion of both otx2 and hoxb1b domains and anterior expansion of the hoxb1b domain. (I, J)
Statistical data for dnsmad3b (I) or smad3b (J) injection. The orange color in (J) indicated the proportion of embryos with ventral and anterior expansion of the hoxb1b domain
accompanied by anterior reduction of the otx2 domain. The number of observed embryos was indicated in the parentheses.
278 S. Jia et al. / Developmental Biology 333 (2009) 273–2842008). We set forth to investigate if interference with Smad2/3
activities by overexpressing dnsmad3b could antagonize effects of
Nodal signals on neural induction and patterning. We ﬁrst
simultaneously examined otx2 and hoxb1b expression at the end
of gastrulation, following injection of sqt mRNA at the one-cell
stage. When injected with 0.75 pg sqt mRNA, 30.8% (n=39) of the
injected embryos exhibited a ventral expansion of both otx2 and
hoxb1b domains (Figs. 6B–B″); 35.9% had a hoxb1b domain
expanded while the otx2 domain was reduced on the ventral,
even completely eliminated except for its expression in the axial
mesoderm (Figs. 6C–C″); and all embryos in these two categories
showed rostral shift of the hoxb1b domain. It is likely that within a
certain range elevated Nodal signals promote a neuroectodermal
fate but further increase of Nodal signals above an unknown
threshold promotes a posterior neuroectodermal fate at the
expense of the anterior neuroectodermal and the non-neural
fates. When dnsmad3b and sqt mRNAs were co-injected, a large
proportion of embryos showed a reduction of the hoxb1b domain
with less rostral shift; some embryos displayed a reduction of both
otx2 and hoxb1b domains (Figs. 6D–D″, E–E″ and F). These results
demonstrate that effects of Nodal signals on neural induction
largely depend on the availability of Smad2/3 activities.Smad2/3 effects on neural induction and ectodermal posteriorization are
independent of the organizer and its derivatives
The induction of an ectopic nervous system by an organizer graft
implies that the organizer and its derived axial mesendoderm tissues
play crucial roles in the induction and patterning of the nervous
system. Considering that Smad2/3 activities are essential for
mesendoderm induction in zebraﬁsh (Jia et al., 2008), we wondered
whether their effects on neural induction and patterning are indirect
through regulation of mesendodermal development. We addressed
this issue in zebraﬁsh mutants that are deﬁcient in Nodal signaling.
The embryonic shield, an equivalent of the Spemann Organizer in
Xenopus, and most of mesendodermal tissues are lacking in zebraﬁsh
Nodal-deﬁcient mutant embryos, although the neuroectoderm is
correctly speciﬁed and the neural tube forms with slight expansion of
the forebrain andmissing of anterior trunk spinal cord (Feldman et al.,
1998, 2000; Gritsman et al., 1999). We ﬁrst re-examined the anterior
and posterior neuroectoderm in MZoep mutants that are deﬁcient in
Nodal signaling due to the lack of the coreceptor Oep (Gritsman et al.,
1999; Zhang et al., 1998). Compared to those of wildtype embryos
(Figs. 7A and A′), the otx2 and hoxb1b expression domains of MZoep
mutant embryos at the 90% epiboly stage apparently retracted
Fig. 5. Smad2/3 exert their effects on neural development partially depending on Chd. Embryoswere injected at the one-cell stagewith anmRNA species or chd-MO as indicated, and
examined for the expression of chd (A–H), sox2 (I–L) and gata2 (M–P) at the shield stage as well as for the expression of otx2/hoxb1b at the 90% epiboly stage (Q–T and Q′–T′).
Orientations of embryos: dorsal views with animal pole to the top (A–H and Q–T); animal-pole views with dorsal to the right (M–P); and lateral views with dorsal to the right (I–L
and Q′–T′).
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induction is more or less affected by the failure of Nodal signaling in
MZoep mutants.
We then investigated if down- or up-regulation of Smad2/3
activities could affect neuroectodermal development in MZoep
mutants. When MZoep embryos were injected with 400 pg of
dnsmad3b mRNA, the hoxb1b expression domain was reduced with
no obvious further change in the expression of otx2 at the 90% epiboly
stage (Figs. 7C and C′), and the boundary between the otx2 and hoxb1bexpression domains shifted further caudally, compared to uninjected
mutant embryos. As the injecting dose of dnsmad3b mRNA increased
to 600 pg, some mutant embryos showed a marked reduction of
both the otx2 and hoxb1b expression domains (Figs. 7D, D′ and G).
These data suggest that, in MZoep mutants, endogenous active
Smad2/3 proteins do exist and they play a role in neural induction and
neuroectodermal posteriorization. In other words, Smad2/3 signals are
still acting in the absence of the organizer and mesendodermal tissues
to promote neural induction and neuroectodermal posteriorization.
Fig. 6. Smad2/3 partially mediate effects of Nodal signal on neural development. Embryos were injected at the one-cell stage with 0.75 pg sqtmRNA alone or together with different
doses of dnsmad3bmRNA as indicated. The expression of otx2 and hoxb1bwas simultaneously examined at late gastrulation stages. (A–E) Lateral viewswith dorsal to the right. (A′–E′)
Dorsal views corresponding to those embryos in (A–E). (A″–E″) Anterodorsal views to show the otx2 domain. Overexpression of sqt caused ventral expansion of otx2 and hoxb1b and
anterior shift of their boundary at different extents (B, C), which was compromised by co-overexpression of dnsmad3b.
280 S. Jia et al. / Developmental Biology 333 (2009) 273–284When MZoep embryos were injected with 10 pg smad3b mRNA,
the otx2 expression domain was reduced, but the hoxb1b expression
domain was expanded ventrally and extended rostrally (Figs. 7E
and E′), which became more remarkable as the smad3b mRNA dose
was increased (Figs. 7F and F′). This implies that, in the absence of
the organizer and mesendodermal tissues, elevated Smad2/3
activities are able to induce the posterior neuroectoderm but not
the anterior neuroectoderm.
We have shown in a previous section that Smad2/3 effects on
neural development are associated with Chd function. Then the
question is whether Smad2/3 regulate chd expression in MZoep
mutant. The expression of chd is reduced but not eliminated inMZoep
embryos (Fig. 7I). Injection of dnsmad3b mRNA into MZoep embryos
resulted in a further reduction or elimination of chd expression
(Figs. 7J and K), while smad3b injection led to an increase of chd
expression (Figs. 7L and M). It is likely that Smad2/3 exert their
effects on neural induction in MZoep embryos also by regulating chd
expression. In addition, the existence of functional Smad2/3
proteins in the absence of Nodal signaling suggests that non-
Nodal Tgf-β signaling plays a role in neural development.
Smad2/3 act cooperatively with Fgf and Wnt signals in neural
development and patterning
Many studies have demonstrated that Fgf and Wnt signals play
important roles in neural induction and neuroectodermal patterning
in vertebrate (De Robertis and Kuroda, 2004; Levine and Brivanlou,
2007; Stern, 2006; Wilson and Houart, 2004). We asked if Smad2/3
have cooperative effects with these signals in neural development.We
ﬁrst investigated their cooperative effects by simultaneously inhibit-
ing Smad2/3 and Fgf or Wnt signals in zebraﬁsh embryos.
Fgf signaling can be blocked by injecting dnfgfr1 mRNA, which
encodes a dominant negative form of zebraﬁsh fgfr1 (Furthauer et
al., 2004). Injection with 300 pg dnfgfr1 mRNA alone at the one-
cell stage led to a reduction of sox2 expression at the shield stage(Fig. 8B), whereas its co-injection with 200 pg dnsmad3b mRNA
caused a further decrease of sox2 expression (Fig. 8C). These
observations were conﬁrmed by quantitative RT-PCR data (Fig. 8M).
At late gastrulation, in the majority (68.6%, n=55) of dnfgfr1-
injected embryos the expression domains of the anterior neuroec-
todermal marker otx2 and the posterior neuroectodermal marker
hoxb1b slightly receded from the ventrolateral side with a caudal
expansion of the otx2 domain (Figs. 8G and G′). Co-injection of
dnfgfr1 and dnsmad3b mRNAs resulted in a further recession of
the otx2 and hoxb1b expression domains from the ventrolateral
side without an apparent caudal expansion of the otx2 domain
(Figs. 8H and H′). In conclusion, dnfgfr1-induced blockage of neural
induction was enhanced by dnsmad3b overexpression, but dnfgfr1-
induced neuroectodermal anteriorization was blocked by dnsmad3b
overexpression. These results indicate that Smad2/3 and Fgf signal-
ing play similar roles in neural induction at early stages, but have
different roles in anteroposterior neuroectodermal patterning at later
stages.
It is reported that in zebraﬁsh ichabodmutants, which are deﬁcient
for maternal β-catenin2, the expression of the anterior and posterior
neuroectodermal markers is severely reduced or eliminated (Belli-
panni et al., 2006; Kelly et al., 2000), suggesting an essential role of β-
catenin2 for neuroectodermal induction. We used the antisense
morpholino β-cat2-MO2 to knockdown endogenous β-catenin2
mRNA in ﬁsh embryos (Bellipanni et al., 2006). Single injection with
20 ng β-cat2-MO2 suppressed sox2 expression at the shield stage (Fig.
8D), and this effect was enhanced by co-injection with 200 pg
dnsmad3b mRNA (Fig. 8E), which was further supported by the
quantitative RT-PCR results (Fig. 8M). At the 90% epiboly stage, all of
β-cat2-MO2-injected embryos showed a dramatic reduction of otx2
and hoxb1b expression (Figs. 8I and I′); and co-injection of dnsmad3b
mRNA with β-cat2-MO2 resulted in a trace of hoxb1b expression and
the absence of otx2 expression (Figs. 8J and J′). Thus, Smad2/3
activities appear to function in the absence of β-catenin2-mediated
Wnt signaling in neural induction.
Fig. 7. Smad2/3 can exert their effects on neural development in the absence of the organizer. (A, A′ and H) Uninjected wildtype (WT) embryos. (B–F, B′–F′, and I–M)MZoepmutant
embryos were injected at the one-cell stage with different doses of dnsmad3b or smad3b mRNA as indicated. Embryos were examined for otx2 and hoxb1b expression at the 90%
epiboly stage (A–F and A′–F′) or chd expression at the shield stage (H–M). (A–F and H–M) Dorsal views with animal pole to the top. (A′–F′) Lateral views with dorsal to the right.
(G, N) Statistical data for expression of otx2 and hoxb1b (G) or chd (N).
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posteriorization of the neuroectoderm during neuroectodermal
patterning (Cox and Hemmati-Brivanlou, 1995; McGrew et al.,
1997; Sun et al., 2006; Wilson and Houart, 2004). We have shown
above that excess Smad2/3 activities can posteriorize the neuroec-
toderm (Figs. 4E–H′). We then investigated the relationship
between Fgf, Wnt and Smad2/3 signals in neuroectodermal
patterning. Single injection with 2 pg fgf17b mRNA at the one-
cell stage caused an elongation of the body axis, a ventral
expansion of both otx2 and hoxb1b expression domains, and a
rostral expansion of the hoxb1b domain (Figs. 9B and B′). These
fgf17b-induced defects were obviously rescued by co-injection of
dnsmad3b mRNA (Figs. 9C, C′, D and D′). Similarly, embryos
injected with 120 pg wnt8 mRNA displayed an absence of otx2
expression in the anterior neuroectoderm and a rostroventral
expansion of hoxb1b (Figs. 9F and F′), which were compromised by
co-injection of dnsmad3b mRNA (Figs. 9G, G′, H and H′). Takentogether, these data suggest that Fgf- and Wnt-induced neuroec-
todermal posteriorization requires Smad2/3 activities, or that Fgf,
Wnt and Smad2/3-mediated signals act in parallel in neuroecto-
dermal posteriorization.
Discussion
We have previously demonstrated that Smad2/3 activities are
essential for mesendoderm induction by mediating Nodal signaling
during early development of zebraﬁsh embryos (Jia et al., 2008). In
this study, we further made evident that Smad2/3 activities are
required for the induction of the neuroectoderm and neuroectodermal
posteriorization during neural development of zebraﬁsh embryos. We
also demonstrate that Smad2/3 signals cooperate with Fgf and
canonical Wnt signals to neuralize the ectoderm and posteriorize
the neuroectoderm. Our ﬁndings add Smad2/3 signals to a collection
of important players for neural development of vertebrates.
Fig. 8. Smad2/3 activities cooperate with Fgf and Wnt signals in neural induction. (A, F and F′) Uninjected wildtype (WT) embryo. (B–E, G–J and G′–J′) Embryos were injected with
indicated mRNA species or morpholino at the following doses: 300 pg dnfgfr1mRNA; 200 pg dnsmad3bmRNA; and 20 ng β-cat2-MO2. (A–E) Lateral views of embryos showed sox2
expression at the shield stage, with dorsal to the right. (F–J and F′–J′) Lateral (F–J) or dorsal (F′–J′) views showed otx2 and hoxb1b expression at late gastrulation stages, with the
anterior to the top. (K, L) Statistical data for the percentage of embryos showing altered expression of sox2 (K) and otx2/hoxb1b (L). (M) Quantitative RT-PCR results showing the
relative levels of sox2 transcripts at the shield stage after injections with different mRNA species.
282 S. Jia et al. / Developmental Biology 333 (2009) 273–284In zebraﬁsh embryos lacking Nodal signals, the anterior nervous
structures, including the telencephalon, diencephalon and midbrain,
are developed and patterned although the anterior trunk spinal
cord is absent (Feldman et al., 1998, 2000; Gritsman et al., 1999).
Our unpublished results showed that in Nodal-deﬁcient embryos
the early neural markers sox2 and sox3 are expressed without
noticeable changes at the shield stage. These observations imply
that Nodal signaling is dispensable for the induction of the nervous
system in zebraﬁsh. In mice, the requirement of Nodal signaling for
neural induction has been excluded (Brennan et al., 2001; Camus et
al., 2006; Conlon et al., 1994). Although Smad2 and Smad3 have
been proved to be essential intracellular effectors of Nodal signals
(Shi and Massague, 2003), their roles in neural development of
vertebrates somewhat differ from those of Nodal signals. For
example, insufﬁcient amount of Smad2/3 activities results in loss of
the head or a smaller head in mice (Dunn et al., 2004), Xenopus
(Hoodless et al., 1999) and ﬁsh (Jia et al., 2008). In this study, wefurther showed that interruption of Smad2/3 activities in zebraﬁsh
embryos, by overexpressing a dominant negative mutant of
smad3b, causes a decrease of sox2 and sox3 expression around
the shield stage and simultaneous reduction of the expression
territories of otx2 and hoxb1b during late gastrulation. Thus, it
appears that Smad2/3 but not Nodal signals are implicated in
neural induction.
The mechanisms underlying the functional discrepancy of Nodal
signals and Smad2/3 in neural induction are not clear. We speculate
that other Tgf-β ligands rather than Nodal proteins play a role in
activation of Smad2/3 for neural induction. Such non-Nodal Tgf-β
ligands should be able to transduce their signals in an Oep-
independent manner, because ﬁsh MZoepmutants and sqt;cyc double
mutants share identical neural imperfection and dnsmad3b mRNA
injection intoMZoep inhibited neural induction (Fig. 7). Possible non-
Nodal Tgf-β ligands involved in this event include Tgf-β1, Tgf-β2 and
Tgf-β3, which are expressed during oogenesis (Ingman and Robertson,
Fig. 9. Effects of Fgf orWnt signals on neuroectodermal posteriorization can be counteracted by inhibition of Smad2/3 activities. (A, A′, E and E′) Uninjected wildtype (WT) embryos.
(B–D, B′–D′, F–H and F′–H′) Embryos were injected with indicated mRNA species at the one-cell stage and examined simultaneously for expression of otx2 and hoxb1b at late
gastrulation stages. (A–D and E–H) Lateral views with dorsal to the right. (A′–D′ and E′–H′) Dorsal views with the anterior to the top. (I, J) Statistical data for the percentage of
embryos showing altered expression of otx2/hoxb1b.
283S. Jia et al. / Developmental Biology 333 (2009) 273–2842002; Schmid et al., 1994) and may be preserved in early embryos. It
has been found that Smad2 and Smad3 can be activated by other
stimuli or kinases independent of Tgf-β type I receptors (de Caestecker
et al., 1998; Zhu et al., 2007). Thus, it is likely that unknown non-Tgf-β
factors are responsible in part for neural induction through Smad2/3
activation.
Different levels of Smad2/3 activities may be required for neural
fate speciﬁcation in distinct territories of the ectoderm in zebraﬁsh.
The expression levels of sox2 during early gastrulation exhibit a
dorsoventral gradient with higher levels dorsally. Intervention inSmad2/3 activities provokes sequential decrease of the sox2 gradient
in an order from the ventral to the dorsal, indicating that endogenous
Smad2/3 activities could be lower in the ventral proneural territories.
Injection of smad3bmRNA, even at a lower dose, led to an elimination
of sox2 and sox3 expression in the dorsalmost region at early
gastrulation stages, which usually occurred concomitantly with an
expansion of dorsal mesodermal markers. This suggests that endo-
genous smad2/3 activity levels in the dorsalmost region are
maximized for a neural fate and further elevated levels transform
the neural fate into a mesodermal fate.
284 S. Jia et al. / Developmental Biology 333 (2009) 273–284Like Nodal signals, Smad2/3 promote neuroectodermal poster-
iorization during anteroposterior patterning of the neuroectoderm in
zebraﬁsh. Considering that the neural induction and the neuroecto-
dermal posteriorization are two sequential processes, Smad2/3
activities should vary spatially and temporally to exert effects locally.
Examination of phosphorylated Smad2 in Xenopus indicates that the
amount of phosphorylated Smad2 is the highest in the dorsal vegetal
region before gastrulation, nearly equivalent in the dorsal and ventral
regions around the onset of gastrulation, but greater in the ventral
region than in the dorsal region bymidgastrulation (Faure et al., 2000;
Lee et al., 2001). The dynamic changes of the amount of phosphory-
lated Smad2 predict different roles of Smad2 in neural development
during the time course of embryonic development, which supports
our hypothesis. Different roles of Smad2/3 in neural development at
different stages of zebraﬁsh embryonic development could be further
addressed by using inducible expression systems, such as a heat shock
promoter (Halloran et al., 2000) or the GAL4/UAS inducible system
(Scheer and Campos-Ortega, 1999).
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